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An improved metal gas separation membrane for separating hydrogen from a gas 
steam includes a quantity of metal particles that are bonded together to form a 
porous body. The porous body may have a porosity that increases from a first 
surface to an opposite second surface and may additionally include a coating of 
ceramic particles on the first surface. The metal gas separation membrane may 
include a coating of a dense precious metal applied thereto that is permeable 
by hydrogen via chemisorption-dissociation-diffusion. The porous body may 
include a catalytic enhancement. Also disclosed are three gas separation 
modules that employ the metal gas separation membrane disposed within a core of 
the gas separation module for separating hydrogen from a gas stream. The gas 
separation membranes are each supported on a first mounting member and a second 
mounting member. The gas separation modules may also include a catalytic 
enhancement. 

18 Claims, 8 Drawing figures 
Exemplary Claim Number: 1 
Number of Drawing Sheets: 4 

KWIC 

Abstract Text - ABTX (1): 
An improved metal gas separation membrane for separating hydrogen from a gas 
steam includes a quantity of metal particles that are bonded together to form a 
porous body. The porous body may have a porosity that increases from a first 
surface to an opposite second surface and may additionally include a coating of 
ceramic particles on the first surface. The metal gas separation membrane may 
include a coating of a dense precious metal applied thereto that is permeable 
by hydrogen via chemisorption-dissociation-diffusion. The porous body may 
include a catalytic enhancement. Also disclosed are three gas separation 
modules that employ the metal gas separation membrane disposed within a core of 
the gas separation module for separating hydrogen from a gas stream. The gas 
separation membranes are each supported on a first mounting member and a second 
mounting member. The gas separation modules may also include a catalytic 
enhancement. 

TITLE - TI (1): 
Metal gas separation membrane module design 

Parent Case Text - PCTX (2): 
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This application is a continuation-in-part application of commonly assigned 
U.S. patent application Ser. No. 09/822,927 filed Mar. 30, 2001, and 
entitled "Metal Gas Separation Membrane . 

Brief Summary Text - BSTX (3): 
The present invention relates generally to gas separation modules and, more 
particularly, to a gas separation module for the separation of hydrogen gas 
from a gas stream. 

Brief Summary Text - BSTX (5): 
Membranes and membrane modules for the separation of hydrogen from other 
gases are generally known. In particular, useful membranes for hydrogen 
separation typically can be categorized as being of four general types: (i) 
polymeric, (ii) porous inorganic, (iii) self-supporting no n-porous metal, and 
(iv) no n-porous metal supported on a porous rigid matrix such as metal or 
ceramic. 

Brief Summary Text - BSTX (6): 

Porous inorganic -based membranes are typically fabricated from titania, 
zirconia, alumina, glass, molecular sieving carbon, silica and/or zeolites . 
All are fabricated with a narrow pore size distribution, with the porous 
inorganic membranes exhibiting high hydrogen permeability but low selectivity 
due to relatively large mean pore diameters. Such materials are brittle and 
thus susceptible to failure due to cracking, and the sealing and fixturing of 
such porous inorganic -based membranes limit their use to relatively low 
temperature applications. 

Brief Summary Text - BSTX (7): 

Development of supported metal membranes has focused on the utilization of 
ceramic tubes coated with a thin adherently bonded film or foil of non -porous 
or dense palladium (Pd) or Pd-alloys. The ceramic support tube typically is of 
a graded porosity from one surface thereof to a second opposite surface. More 
specifically, the porosity of the ceramic support tube typically is at its 
least at the surface upon which the Pd or Pd-alloy is disposed, and the 
porosity of the tube increases from this surface to a maximum porosity on the 
surface opposite the layer of Pd. The layer of Pd or Pd-alloy is selectively 
permeable to hydrogen gas and is typically capable of withstanding temperatures 
of 1500-1 600.degree. F. (815-870.degree. C). 

Brief Summary Text - BSTX (8): 

Such ceramic-supported metal membranes are typically housed in shell and 
tube modules and are fitted with compression gaskets to seal the membrane tube 
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into the module to prevent leakage of the feed gas stream into the permeate gas 
stream. Potential leak paths between the feed and permeate gas streams can 
exist due to differences in the coefficients of thermal expansion of the 
ceramic tube and the metal compression fittings. Additionally, the ceramic 
support tubes are inherently brittle and can experience long-term thermal 
fatigue due to repetitive process or system start-up and shutdown cycles. 

Brief Summary Text - BSTX (9): 

The mechanical adherence of the thin Pd or Pd-alloy layer upon the surface 
of the ceramic support tube requires secure attachment of the film or foil onto 
the surface of the ceramic, as well as the absence of pinholes or other 
mechanical rupturing that can occur during manufacture or use of the ceramic 
tube membrane . 

Brief Summary Text - BSTX (10): 
For porous metal membranes such as porous stainless steel, Rnudsen diffusion 
or combined Knudsen diffusion/surface diffusion are the primary mechanisms by 
which gas transport occurs across the membrane . For dense metal membranes such 
as Pd or Pd-alloy foil or film, however, the primary mechanism of gas transport 
through the metal layer is traditional chemisorption-dissociation-diffusion. 
Broadly stated, chemisorption-dissociation-diffusion transport involves 
chemisorption of hydrogen molecules onto the membrane surface, dissociation of 
hydrogen atoms into protons and electrons, transportation of the protons and 
electrons through the dense metal, reassociation of the protons and electrons 
into hydrogen molecules, and desorption of hydrogen molecules from the media. 
While Knudsen diffusion typically offers greater flow rates across a membrane 
than chemisorption-dissociation-diffusion, Knudsen diffusion suffers from 
reduced hydrogen selectivity as compared with 
chemisorption-dissociation-difmsion. 

Brief Summary Text - BSTX (11): 
It is also known that the interaction of a gas stream with catalytic 
materials can increase the concentration of hydrogen within the reactant or 
process gas stream. Such catalytic materials enhance the water gas shift 
reaction whereby carbon monoxide is reacted with water to form carbon dioxide 
and hydrogen gas. Catalytic materials also promote the decomposition of 
ammonia which also increases the concentration of hydrogen. 

Brief Summary Text - BSTX (12): 

Examples of such catalytic materials include platinum (Pt), palladium (Pd), 
rhodium (Rh), ruthenium (Ru), nickel (Ni), iridium (Ir), and the like. While 
it has been known to apply such catalytic materials to ceramic support 
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substrates to form composite membranes, such composite membranes still suffer 
from the aforementioned problems associated with the application of Pd and 
Pd-alloy foils and films to ceramic support tubes. 

Brief Summary Text - BSTX (13): 

The problems inherent in forming a highly gas specific membrane that is 
capable of withstanding elevated temperatures are similarly inherent in 
designing a module that incorporates such membranes . In order to maintain 
separation between a feed gas stream and a permeate gas stream, it is necessary 
to provide seals or sealing structures that effectively isolate the feed gas 
stream from the permeate gas stream. Mechanical and thermal stresses resulting 
from different coefficients of thermal expansion and elevated temperatures 
greatly impair the ability of most known sealing systems to effectively isolate 
the feed gas stream from the permeate gas stream. 

Brief Summary Text - BSTX (14): 
It is thus desired to provide a hydrogen gas separation membrane and module 
having high hydrogen selectivity that overcomes the aforementioned problems 
associated with the application of Pd and Pd-alloys to ceramic support tubes. 
It is also desired to provide such a membrane and module that include a 
catalytic enhancement incorporated therein. 

Brief Summary Text - BSTX (16): 
In view of the foregoing, an improved gas separation module for separating 
hydrogen from a gas steam includes a metal gas separation membrane having a 
quantity of metal particles in the form of fibers and/or powders that are 
compacted together and bonded with one another to form a porous body that is 
selectively permeable to hydrogen. The porous body may be of a constant 
porosity throughout or may have a porosity that is "graded," i.e., increases 
from a first surface to a second opposite surface. A porous body having a 
graded porosity advantageously provides a low porosity (and thus consequent 
higher hydrogen selectivity) at the first surface without the higher pressure 
drop that would be experienced by the hydrogen from the second surface to the 
first surface if the porous body had the same low porosity throughout its cross 
section. This variation in porosity can result from the use of metal particles 
in the form of fibers and/or powders that gradually increase in size in going 
from the first surface to the second surface, or may result from the use of the 
same size particles that are compacted to a relatively lesser degree in going 
from the first surface to the second surface. 

Brief Summary Text - BSTX (17): 

The metal gas separation membrane may additionally include a coating of 
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ceramic particles on the first surface thereof to further decrease the porosity 
at the first surface. Alternatively, or in addition thereto, the metal gas 
separation membrane may include a thin adherently bonded foil or coating of a 
dense precious metal such as palladium, palladium-alloys, and the like applied 
thereto that is permeable by hydrogen according to a 
chemisorption-dissociation-diffusion transport phenomenon. 

Brief Summary Text - BSTX (18): 

Still alternatively, or in addition thereto, the gas separation module may 
include a catalytic enhancement that can interact with a feed gas stream to 
increase the concentration or quantity of hydrogen in the feed gas stream 
according to various catalytic reactions such as the water gas shift reaction 
and the ammonia decomposition reaction. The catalytic enhancement can be in 
the nature of catalytic materials that are dispersed throughout the porous 
body, that are supported on scaffold apparatuses such as metal fibers and 
chemical vapor infiltration silicon carbide (CVI-SiC) reticulated foam, that 
are coated on the metal particles that make up the porous body, that are in the 
form of a layer on a surface of the porous body with or without the addition of 
a ceramic washcoat therebetween, or can be in the form of an application of 
perovskite, zeolite, or spinel structures to the porous body. 

Brief Summary Text - BSTX (19): 

The gas separation module includes a plurality of metal gas separation 
membranes and a housing having first and second mounting members in the form of 
tube sheets. The metal gas separation membranes are supported on the first and 
second mounting members. The metal gas separation membranes can advantageously 
be fixedly mounted, such as by being welded, to the tube sheets to sealingly 
mount the metal gas separation members to the tube sheets. 

Drawing Description Text - DRTX (2): 
FIG . 1 is a schematic cross-sectional view of a first embodiment of a gas 
separation membrane in accordance with the present invention; 

Drawing Description Text - DRTX (4): 

FIG. 2 is a schematic cross-sectional view of a second embodiment of a gas 
separation membrane in accordance with the present invention; 

Drawing Description Text - DRTX (5): 
FIG. 3 is a schematic cross-sectional view of a third embodiment of a gas 
separation membrane in accordance with the present invention; 

Drawing Description Text - DRTX (6): 
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FIG. 4 is a schematic cross-sectional view of a fourth embodiment of a gas 
separation membrane in accordance with the present invention; 

Drawing Description Text - DRTX (7): 

FIG. 5 is a schematic cross-sectional view of a first embodiment of a gas 
separation module in accordance with the present invention; 

Drawing Description Text - DRTX (8): 
FIG . 6 is a schematic cross-sectional view of a second embodiment of a gas 
separation module in accordance with the present invention; and 

Drawing Description Text - DRTX (9): 
FIG. 7 is a schematic cross-sectional view of a third embodiment of a gas 
separation module in accordance with the present invention. 

Detailed Description Text - DETX (2): 
A first embodiment of a metal gas separation membrane 4 in accordance with 
the present invention is indicated generally in FIG. 1 . The metal gas 
separation membrane 4 is advantageously configured to separate hydrogen gas 
from a gas stream 8. 

Detailed Description Text - DETX (3): 
The metal gas separation membrane 4 includes a transmission member 6 and can 
be of numerous shapes, such as plates, tubes, honeycomb configurations, and 
other such shapes. The transmission member 6 is depicted schematically in 
cross-section FIG. 1 , and it includes a porous body 10 made out of a plurality 
of metal particles 12 compressed and bonded together and a metal coating 16 on 
the porous body 10. The porous body 10 includes a first surface 20 and a 
second surface 24 opposite one another with the metal coating 16 being disposed 
on the first surface 20. 

Detailed Description Text - DETX (4): 

The metal particles 12 that make up the porous body 10 can be of numerous 
physical configurations such as metal fibers, metal powder, and other shapes, 
and the porous body 10 can be made up of one type of particle or combinations 
of these different-shaped metal particles 12. FIG. 1 A schematically depicts an 
example of a portion of a porous body 10 that includes a quantity of metal 
fibers 25. The metal particles 12 can be fabricated from known metals, 
superalloys, and/or intermetallic materials to permit the porous body 10 to 
withstand high temperatures, meaning not only that the material does not melt 
at the elevated temperatures but also that the material resists corrosion in 
the potentially oxidizing or reducing environment in which the membrane 4 is 
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used. 



Detailed Description Text - DETX (5): 
The metal particles 12 are compacted and sinter bonded to form a thin, dense 
member of material that makes up the porous body 10. The resultant porous body 
10 has a thickness that is in the range of about 100 microns to 5 millimeters, 
and preferably in the range of about 0.5 millimeters (500 microns) to 2 
millimeters, although other thicknesses may be appropriate depending upon the 
specific needs of the particular application. In the circumstance where the 
porous body 10 is an elongated substantially cylindrical member formed with an 
elongated void, the outer diameter of the porous body 10 may be in the range of 
about 5 to 15 millimeters, and preferably is in the range of about 5 to 8 
millimeters. 

Detailed Description Text - DETX (6): 

As can be seen in FIG. 1 , the porosity of the porous body 10 is greater at 
the second surface 24 than at the first surface 20, meaning that the space 
between adjacent metal particles 12 near the second surface 24 is greater than 
the space between adjacent metal particles 12 near the first surface 20. 
Alternatively, the porous body 10 can be said to have a density that decreases 
in a direction from the first surface 20 toward the second surface 24. The 
porous body 10 depicted in FIG. 1 thus can be said to have a graded porosity. 

Detailed Description Text - DETX (7): 
As will be set forth more fully below, the porous body 10 is advantageously 
configured to provide relatively high hydrogen selectivity at the first surface 
20 due to its relatively low porosity there. The regions of the porous body 
extending from the first surface 20 to the second surface 24, being relatively 
more porous than the first surface 20, have a relatively lower hydrogen 
selectivity but correspondingly permit the relatively free flow of gases 
therethrough. These relatively porous regions of the porous body 10 can thus 
be said to provide support to the low-porosity region of the porous body 10 at 
the first surface 20, which generally is relatively thin and of lower strength, 
without meaningfully impeding the flow of hydrogen therethrough from the second 
surface 24 to the first surface 20. As such, the graded porosity feature of 
the porous body 10 itself provides both high hydrogen selectivity and high 
hydrogen flow rates therethrough without the high pressure drop that would be 
experienced by the hydrogen if the porosity of the porous body 10 were that of 
the first surface 20 throughout the porous body 10. 

Detailed Description Text - DETX (9): 
As is shown in FIG. 1 , the metal particles 12 are all of substantially the 



5/12/06, EAST Version: 2.0.3.0 



same size, and the variation in porosity between the first and second surfaces 
20 and 24 results from compacting the metal particles 12 to a greater degree at 
the first surface 20 than at the second surface 24. In this regard, the porous 
body 10 can be manufactured out of several layers of metal particles 12, with 
each layer being compacted to a different degree, or other appropriate 
methodologies can be employed such as forming each layer out of a slurry of 
metal particles that are sequentially sprayed, painted, or centrifuged onto a 
surface, with the layers being sprayed, painted, or centrifuged to different 
degrees. 

Detailed Description Text - DETX (10): 
The metal coating 16 is a thin dense adherently bonded layer or foil of a 
precious metal such as palladium (Pd), palladium alloys, and the like that 
enhance gas phase chemisorption-dissociation-diffusion of hydrogen 
therethrough. Such palladium alloys may include palladium—copper (Pd~Cu), 
palladium-ruthenium (Pd— Ru), and other alloys. As is know in the relevant 
art, the expression gas phase "chemisorption-dissociation-diffusion" of 
hydrogen refers to molecular chemisorption and dissociation of hydrogen along 
the high pressure side of the metal coating 16, proton and electron diffusion 
through the lattice of the metal coating 16, and proton and electron 
reassociation and recombination and desorption of molecular species along the 
opposite side of the metal coating 16. The metal coating 16 thus can be 
referred to as a chemisorption-dissociation-diffusion coating. The metal 
coating 16 can be applied to the porous body 10 in any of a variety of fashions 
such as via electroless plating, electroless plating with osmosis, 
electroplating, sputtering, electrodeposition, and the like. 

Detailed Description Text - DETX (1 1): 
In the embodiment depicted in FIG. 1, the metal gas separation membrane 4 
receives the ras stream 8 against the second surface 24 and separates hydrogen 
from the gas strea m 8 to form a permeate stream 26 of high purity hydrogen gas 
that flows out of the side of the metal coating 16 opposite the porous body 10. 
In alternate embodiments (not depicted,) the overall gas flow may be in a 
reverse direction to that depicted generally in FIG. 1, i.e., the gas stream 8 
may flow directly against the metal coating 16 such that the permeate stream 26 
would flew cut of the second surface 24. 

Detailed Description Text - DETX (12): 
By way of example, the metal particles 12 may be in the form of fibers 
selected to b ~ of a size in the range of about <l to 50 microns in diameter . 
and general 1 / less than 10 millimeters in length and are compacted to an 
appropriate degree to pern-* the flow of gases therethrough. Hydrogen that 
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passes through the porous body 10 and reaches the first surface 20 is then 
permitted to flow through the metal coating 16 primarily by 
chemi so rption-di ssoci ation -d i ffusion. 

Detailed Description Text - DETX (14): 

It can thus be seen that the porous body 10 serves to mechanically support 
the metal coating 16 thereon. In this regard, it can be seen that the metal 
particles 12 provide numerous points of contact between the porous body 10 and 
the metal coating 1 6, which helps the metal coating 16 to adhere onto the 
porou s body 10 during operation of the metal gas separation membrane 4 and 
during the thermal expansion and contraction of the metal gas separation 
membrane 4 during start-up and shut-down operations. 

Detailed Description Text - DETX (15): 

In its simplest form, the metal gas separation membrane could comprise 
solely a porous body being manufactured out of metal particles and having a 
constant density and porosity throughout, with the porous body serving as the 
transmission member that separates hydrogen from a gas stream. In addition, 
the pe'-ous body may be of a graded density to reduce the pressure drop across 
the porous body 10 and/or can additionally include the metal coating 16 to 
further increase hydrogen selectivity. 

Detailed Description Text - J7ETX (16): 
A second embod iment of a metal gas separation membrane 104 is indicated 
genera!^ j n FIG. 2. The metal gas separation membrane 104 includes a 
transin;/.sbn member 106 having a porous body 1 10 in which the graded porosity 
thereof is achieved by provid ng metal particles 1 12 that vary in size from 
relatively finer metal particles 1 12A at the first surface 120 to relatively 
coarser metal particles 1 1 2B at the second surface 124. 

Detailed Description Text - DETX (18): 

A third embodiment of a metal gas separation membrane 1004 in accordance 
with the pp. ent invention is indicated generally in FIG. 3. The metal gas 
separation ieir!brane 1004 is similar to the metal gas separation membranes set 
forth above and includes a pcrous body 1010 having a first surface 1020 and a 
second surface 1024 opposi e one another, a layer of ceramic particles 1028 
disposed on the first surface 1 020, and a chernisorption-dissociation-diffusion 
coating 1015 d isposed on the layer of ceramic particles 1028. The porous body 
10 10 is of a grac'ed porosity that results from the use of metal particles of 
varyir.j; s\.:cs that range from relatively finer metal particles 1012A disposed 
at the first surface 1 020 to relatively coarser metal particles 1012B disposed 
at the second su:face 1024. 
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Detailed Description Text - DETX (19): 

The metal gas separation membrane 1004 may be of a hollow, generally 
cylindrical configuration, although other configurations such as those set 
forth above, may be employed without departing from the concept of the present 
invention. In such a hollow cylindrical configuration, the outer diameter of 
the metal gas separation membrane 1004 may be in the range of about 5 to 15 
millimeters, and preferably in the range of about 5 to 8 millimeters, although 
the outer diameter may be larger or smaller than that set forth herein. The 
wall thickness of tin porous body 1010 may be in the range of about 0.1 
millimeters ( 1 00 microns) to 5 millimeters, and preferably in the range of 
about 0.5 millimeters (500 microns) to 2 millimeters, and such wall thickness 
is generally defined as the distance between the first surface 1020 and the 
second surface 1024. 

Detailed Description Text - DETX (22): 

The poro u s bod ' 1010 may be made up of known materials such as FeAl, 
Haynes.RTM. 1 60 (available from Haynes International of Kokomo, Ind. 46904, 
USA), RA-333.RTM. or RA85H.RTM. (available from Rolled Alloys, Temperance, 
Mich. 48 1 82, U°. A), 602CA. and Fecralloy, although other materials including 
those set forth abo /e may be employed. The size range of the finer and coarser 
metal particles 1 0 1 2 A and 1 0 1 2B may be the same as that set forth above or may 
be of other sizes deriding upon the specific needs of the particular 
application. 

Detailed Description Text - DETX (23): 

A fourth embodiment of a metal gas separation membrane 1 104 in accordance 

with the present ^vention is indicated generally in FIG. 4. The metal gas 
separ ation mer.'-rane 1 1 04 ; s similar to the metal gas separation 1004 but 
includes a i • hi;, body 1110 having a catalytic enhancement in the form of 
particles of catalytic material that range in size from relatively finer 
particles of catalytic material 1 1 18A disposed at the first surface 1 120 to 
relatively coarser particles of catalytic material 1 1 18B disposed at the second 
surface 1121 in a fashion sim ar to the relatively finer and coarser metal 
particles 1 1 12A and 1 1 1 2B. he particles of catalytic material 1 1 18A and 1 1 18B 
are p . : ; cles of j- e nov.s netn such as platinum (Pt), palladium (Pd), rhodium 
(Rh), rutlien' jm (i ...), nickel Mi), iridium (Ir), and alloys thereof and are 
depicted in FIG. 4 as being s! ded. The particles of catalytic material 1 1 18A 
and 1 1 1 8B promote the water gas shift reaction, the ammonia decomposition 
reaction, and the like in a known fashion to increase the concentration or 
availal ility c f hydrogen. A! ,c \ nately, fine catalytic particles of uniform 
size c l be di^rsed throur Vut the porous body 11 10 and/or a layer of ceramic 



5/12/06, EAST Version: 2.0.3.0 



particles 1 128 disposed against the first surface 1 120, and may coat or be 
adhered to the metal and/or t!-.e ceramic particles. The metal gas separation 
membrane 1 104 additionally includes a support member 1 144 disposed against the 
chemisorption-dissociation-cl f fusion coating 1116. It is understood that the 
metal gas separation membranes 4, 104, and 1004 can be catalytically enhanced 
in any of the fashions set forth above and/or can include the support member 
1144. 

Detailed Description Text - PETX (24): 

The metal gas separation irembrane 1 104 may be employed in an environment in 
which a gas stream flows ag nst or along the second surface 1 124 and into the 
porou * body 1110 where it c 'alytically interacts with the particles of 
catalytic material 1 1 1 8A and 1 1 18B. Hydrogen gas then flows through the layer 
of ceramic particles 1 128 and passes through the 

chemisorption-dissociation-diffusion coating 1 1 16 in a fashion set forth above. 

Detailed Description Text - PETX (25): 

The support member 1 14^ - etains the chemisorption-dissociation-diffusion 
coatm , ! j 16 and 'he layer c ^ramic particles 1 128 disposed on the porous 
body 1 1 10 when gas flows tn ough the porous body 1 1 10 prior to contacting the 
chemisorption-dissociation-di f fusion coating 1116. In this regard, the support 
member 1 144 helps to resist i* e chemisorption-dissociation-diffusion coating 
1116 and the layer of ceramic ^articles 1 128 from being blown away from or 
be com ! ng otherwise ci si odgp from the porous body 1 1 1 0 as a result of the 
substnn 4 : I pressure drop in v ing from the second surface 1 124 to the 
outer: , portic ,s of the ch r ' sorption-dissociation-diffusion coating 1116. 
The support merrier 1 144 m y be in the form of a metal mesh, a screen, a 
densified performed sleeve, a - well as other appropriate configurations. 

Detailed Description Text - PETX (26): 

A fir ■ t embodiment of aga ' ; paration module 1258 in accordance with the 
prese: :, ?ventic sindicatec .cneral.lv in FIG. 5. The gas separation module 
1258 1 ides a . using 1 26 witi ; ; n which are disposed a plurality of metal gas 
sepai , n mer artes 12Ch in accordance with the present invention. While the 
metal gas separator Temb--'nes 1 204 employed in the gas separation module 1258 
may be the metai gas ;e para f Ti membranes 1004, it is understood that any of 
the m"*" ! gas sr ^p -t t_ 71 anes set forth herein may be employed in the gas 
separ ' nmo* • iUi-Svit * departing from the concept of the present 
inven. . .. 

Detail :i Description T^xt - PETX (27): 

In g*"v.-al tr*"ms. th" ' js?- - ^ Mon module 1258 can be stated as being 
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structured to receive a feed gas stream 1208 and to separate it into a permeate 
gas stream 1 226 and a retentate gas stream 1261. While the permeate gas stream 
1226 may be high purity hydrogen gas, it is understood that the gas separation 
module 1258 potentially could be configured such that the permeate gas stream 
1226 is another gas such as oxygen. 

Detailed Description Text - DETX (29): 
Each metal gasj??:- r vion membrane 1204 is an elongated substantially 
cylindrical lr :mbcr aving a fv. jt end 1268 and an opposite second end 1270 and 
being termed with z elongated void 1274 formed therein and extending 
substantially throuf ' ~ut the longitudinal extent of the metal gas separation 
membrane 1 204. E.. . h metal £?s separation membrane 1204 includes a first 
surface 1220 and a second surface 1224, with the second surface 1224 being 
defined by the voH ' 774. For purposes of clarity, the metal gas separation 
mem) "fines 1 2 f ' : >wn in F ' j. 5 do not depict a layer of ceramic particles, a 
chemis v tit n-dis; v 'ation-di usion coating, or a support member, although it 
is undc tocJ that < • or more of t'.ese features may be incorporated therein. 

Detai'ed Descriptor- Text - DV^X (30): 
In accordance w'f- the present nvention, the metal gas separation membranes 
1204 are sup-crVc i the fort and second mounting members 1264 and 1266. 
More -if ;;1' '. ; metal t, s separation membranes 1204 are fixedly attached 
to the . : a: i su: 1 m< ,mt : »; n embers 1264 and 1266 such as by welding or 
other appror. iate at hmcnt . ie!N dology. 
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Text-DrTXQl): 

" c *us b " es of the metal gas separation membranes 1 204 

ir. ■ r ^.f 1 1 c cram i c or other metallic oxide, the metal gas 
es i -0 can be welded to the metallic first and second 
6<t n c 1 6 . Su ch welded attachment is particularly 
- it oveiv mes the problems inherent in attempting to seal a 
,,; c member and a metallic member such as occurred with 
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: i structures in previously known gas separation 
netal gas separation membranes 1204 are less 
a] ceramic members, and furthermore are not 
mat ion problems that can plague ceramic members 



Detailed DescnV' ^ext - PETX (32): 

As nr be btr i .G. \ l 1 Z -jt ends 1268 of the metal gas separation 

mem ' - -es 12 - a! ynd sea'ingly mounted to the first mounting 

1 1 ' I, \ u iy . * ; ">ds 1 258 are closed. In contrast thereto, the 



mem! 
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second ends 1270 are mounted adjacent holes 1276 formed in the second mounting 
member 1266, whereby the second ends 1270 are open. The first mounting member 
1264 is formed with a plurality of perforations 1278 in the regions thereof 
that are not used for seali ng the first ends 1268 of the metal gas separation 
membranes 1204. 

Detailed Description Text - DETX (33): 

The metal gas separ at ion r :embr?nes 1204 each include a generally defined 
interior 1 277 and a g*;.ierall\ iefin r 1 exterior 1279. The interior 1277 of each 
metal g^<> separa t ion rrr .'V* ane 12' 4 is defined by the void 1274. The exterior 
1279 is opposite the intern); 277 anJ is defined as being the regions that are 
disposed radially outwardly teyond the outermost components of the metal gas 
separation memb r anes 1204, whether the outermost components be the porous body, 
a layer of ceramic particles, a cheiri^orption-dissociation-diffusion coating, 
or a support mes^Vr. 



Detailed D^scrip^or Text - OETX ^4): 

The first z 1 J se r onu mcu. ig m..s 'ucxs 1264 and 1266 define an inlet manifold 
1282 thercbetwei.-n that is c : i osed io the exterior 1279 of all of the metal gas 
separation mem :± x es 1 2 1 - • . S 1° * : d otherwise, the inlet manifold 1 282 is the 
portion of the cc 1 7 >2 betv ^en i c first and second mounting members 1264 and 

le nv.tal gas separation membranes 1204. 
g member 1 266 defines a permeate gas manifold 1284 
secc ^ mounting member 1266 opposite the inlet 
the ~> mounting member 1264 defines a 
ng rem the side of the first mounting member 
d 1 2 n 2. The permeate gas manifold 1284 and the 
spo;' : within the core 1262. 
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ned with a feed gas inlet 1288, a 
t' gas outlet 1292. The permeate gas 
'. h the permeate gas manifold 1284. The 
mmunication with the retentate manifold 
:'u id communication with the inlet 
he fi r st mounting member 1264 is formed with the 
_2 ink 1 88 is additionally in fluid 
•v - :e r M 1286 and the retentate gas outlet 
1. 27c. 
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1294. In the emboH ; ^e^ f c 1 "icted in FIG. 5, the catalytic enhancement 1294 is 
disposed within tV i ?' — i ; M6 1 282 of the housing 1260, which is generally 
to the exterior 12"- ) v . tlu \ >al gas separation membranes 1204. The catalytic 
enhancement 1294 is in the ^rm of catalytic materials 1296 that are disposed 
on or are otherwise support, i by a scaffold apparatus 1298. The catalytic 
materials 1296 may include ny of the catalytic materials set forth herein. 

Detailed Descriptor - "TTX (38): 

In operation, th< ' --am 1 208 flows through the feed gas inlet 1288 

and in' o the inlet r .j . il .2 w icre it flows into contact with the catalytic 

enhancement 1291 The ?. ytic enhancement 1294 promotes the water gas shift 

reaction, the ammonr u v ' ' position reaction, and the like to increase the 

concen tration or the v? " ^y of hydrogen within the feed gas stream 1208. 

The catalytic enhancement )4 is advantageously configured to be highly porous 

and tlvs permit Tee r th^ Teed gas stream 1208 therethrough. 
Deposing upon v r spr kc jp of the feed gas stream 1208 or the specific 

needs of the parti c \! r r n ,on. t ie g - s separation module 1258 may be 

configured to not ; ic i ' • atalytic enhancement 1294. 

Detailed Descript : ca Tc- ^'ETX (39): 

The feed gas /;m 12 cludi ^ gaseous hydrogen thereafter flows into 

contact with the r al g" -^v n membranes 1204. Hydrogen gas flows 
through the netal *sj< • cmbranes 1204 from the exterior 1279 thereof 

to the interior 1 27 ^ aicng the voids 1274 to form the permeate gas 

stream 1226 whic! 1 n r t. - into the permeate gas manifold 1284 and out of the 

permeate gas outle i 1 2> ? . e feed qas stream 1 208 from which the hydrogen has 

been substantial 1 remo\ "i t ^ws th ou^h the perforations 1278 and into the 

retentate manif' ' 286 v > ~ it f if, the retentate gas stream 1261 that flows 
out of .he rctcnt\ "ian^ 1 °f 
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.1 ir he first mounting member 1264 help to 
it ] : 4 Vhin the inlet manifold 1282 and 
t * substantial pressure drop between the 
ei ; r; stream 1261 that helps to drive the 
v ' .m ] ^26 from the feed gas stream 1208. 

c mbranes 1204 and the first and second mounting 
^ -vjfactured substantially out of metal, the 
mt 204 can be welded to the first and second 

' ic i sealing attachment additionally makes the 
* ! 1 ■ ' rd o the elevated temperatures and 

r. c rr r 3 the permeate gas stream 1 226 from 
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